Colorectal cancer (CRC) is the fourth leading cause of mortality, world-wide. Gut bacterial dysbiosis being one of the major causes of CRC onset. Gut microbiota produced metabolites, e.g. folate and butyrate play crucial roles in cancer progression and treatment, and thus, need to be considered for effective CRC management. A potential cancer therapy, i.e., use of silver nanoparticles (AgNPs), imparts cytotoxic effects by inducing high intracellular reactive oxygen species (ROS) levels. However, the simultaneous interactions of AgNPs with gut microbiota to aid CRC treatment has not been reported thus far. Therefore, in this study, variation of intracellular ROS concentrations, in Enterococcus durans (E. durans), a representative gut microbe, was studied in the presence of low AgNP concentrations (25 ppm). Increases were observed in intracellular hydroxyl radical and extracellular folic acid concentrations by 48% and 52%, respectively, at the 9 th hour of microbial growth. To gain a systems level understanding of ROS metabolism in E. durans, genome scale metabolic network reconstruction and modeling was adopted. In silico modeling reconfirmed the critical association between ROS and folate metabolism. Further, amino acids, energy metabolites, nucleotides, and butyrate were found to be important key players. Consequently, the anticancer effect of folic acid was experimentally studied on HCT116 (i.e., colon cancer cell line), wherein, its viability was reduced to 79% via folate present in the supernatants from AgNP treated E. durans cultures. Thus, we suggest that the inter-relationship between gut bacteria and AgNP-based cancer treatment can be used to design robust and effective cancer therapies.
Introduction
Colorectal cancer (CRC) 1 is characterized as a chronic consequence of abnormal gut bacterial metabolism and constitution (1) . It is the fourth leading cause of cancer related mortality (2) , and is defined as a complex association of tumor cells, non-neoplastic cells and a large amount of gut microbes such as Streptococcus bovis, Helicobacter pylori, Enterecoccus faecalis etc. that render carcinogenic effects (1, 3, 4) .Various factors such as infection, diet and lifestyle can disrupt the symbiotic association between the host and the resident gut microbiota, leading to cancer (4) .
The gut microbiome is composed of microbes that inhabit the gastrointestinal tract (GIT), which aid in human digestion, and serve as a metabolically active organ (5, 6) .
Bifidobacterium and Bacteriodes are the most abundant gut microbial species inhabiting the human gut (6) . Gut microbes are also markers of homeostatic alterations often associated with chronic diseases. Perturbations in the composition and metabolic activity of the gut microbes, which are facultative or strict anaerobes, often result in neurodegenerative disorders (7) and cancer (4, 8) .
The gut microbiome that consists of facultative or strict anaerobes (4, 8, 9) synthesizes and supplies essential nutrients such as short chain fatty acids (SCFAs) including butyrate, vitamin K and B 1 Abbreviations used are, CRC: colorectal cancer, ROS: reaction oxygen species, GEMs: genome-scale metabolic model, COBRA: constraint-based group vitamins (B12, folate, riboflavin) (10) .
Amongst these metabolites, SCFAs and folic acid have been reported to be of importance in CRC initiation, progression and treatment (11, 12) .
Butyrate acts as a carbon source for colonocyte growth/maintenance (13) , and protects against colon carcinogenesis, by modulating cancer cell apoptosis, cell proliferation and differentiation by inhibiting histone deacetylase (14) . On the other hand, folic acid maintains the genetic integrity of normal colonocytes, and plays a crucial role in CRC management and treatment (it is often used as an adjunct with chemotherapeutic drugs to suppress tumor growth) (15) .However, the effect of low concentrations of folic acid on cancer cell viability has not yet been reported. This study reports the unexpected effect of low folic acid levels on HCT 116, a colon cancer cell line.
Conventional cancer therapies such as chemotherapy and radiotherapy induce cytotoxic effects on the healthy cells, as well, due to lack of selectivity or high dosages (16) . Nanobiomedicine is emerging as a novel anti-tumor therapeutic alternative (17) , which can reduce the above side-effects on healthy cells. But nanoparticles at high concentrations can be toxic to human cells, predominantly due to lethal oxidative stress (18) . However, at low concentrations (e.g. 32 ppm) silver nanoparticles (AgNPs), showed no significant toxicity to reconstruction and analysis, FBA: flux balance analysis, FVA: flux variability analysis normal cells (19) , and thus, can be of immense therapeutic importance. The impact of the interactions between gut microbes and AgNPs to aid CRC treatment has not been explored so far.
Nanoparticles (NPs) induce cytotoxicity in the cancer cells by generation of oxidative stress due to excessive reactive species (RS) (18, 19) , or by disrupting the cell membranes (20) . RS In this study, the effects of AgNP induced oxidative stress on the production of anti-cancer metabolites (i.e., folic acid and butyric acid) was investigated in Enterococcus durans. A combinatorial extensive wet lab experimentation and genome-scale metabolic modeling approach was adopted to analyze the (i) impact of ROS on the cellular metabolism of the bacterium, and (ii) the cytotoxic potential of low folic acid levels as potential cancer treatment strategy.
Results

Characterization of AgNPs and their interaction with E. durans
The sizes and stability of AgNPs in solution were first characterized using dynamic light scattering (DLS) and zeta potential measurements, respectively. The average particle size was 185±6 nm, and the zeta potential of the bacterial medium with nanoparticles was -13±0.95mV. The topographic details and composition of nanoparticle treated bacterial cells were examined through scanning electron microscopy (SEM). The interaction between nanoparticles with the bacterial cells was observed in the SEM micrographs ( Fig. 2 ). The composition analysis showed 9.7% Ag content in the biomass.
Lower concentrations of silver nanoparticles had no major deleterious effects on E. durans
The above characterizations provided the information on the relevant properties of AgNP. However, the lower concentrations of AgNPs in the range studied did not adversely affect the growth of the organism. 
Reactive oxygen species generation alters intra-and extra-cellular folate concentrations in bacterial cells
We then studied the effects of nanoparticle (at 25 ppm) mediated, increased oxidative stress on bacterial folic acid production ( Fig. 5 durans, a constraint-based metabolic modeling approach was adopted. The genome-scale metabolic model of E. durans was obtained from Virtual Human Metabolic (VMH) database (27) and further expanded with reactive species reactions ( Table 1 , Supplement Table S1 ). The 
Microbial model under oxidative stress exhibited secondary effects on butyrate-linked metabolic pathways
Although the associations between folic acid derivatives and energy metabolism, amino acid metabolism or nucleic acid metabolism are known (details mentioned in discussion section), the association between folic acid derivatives and SCFA metabolism (i.e., butyrate), as predicted by the constraint based modeling approach, is unknown. More specifically, an association between the cellular folate pool and butyrate (SCFA) metabolism ( Fig. 6 ), under oxidative stress conditions was predicted by modeling analysis ( Table 1) .
Folic acid exhibited cytotoxic effects on HCT 116 colon cancer cell line at lower concentrations
Although it is known that folic acid enhances cancer viability (29) 
Discussion
Silver nanoparticles were characterized for their size and stability in the bacterial culture medium. 
Characterization of silver nanoparticles (AgNPs)
Silver Nanoparticles (AgNPs) were obtained from Sigma Aldrich (catalogue no. 7440-22-4).
Size distribution analysis was carried out using dynamic light scattering and zeta potential was measured using Horiba Scientific nanopartica nanoparticle analyzer (SZ-100). Scanning electron microscope was used to study NPbacteria interaction.
Treatment of bacterial cells with silver nanoparticles (AgNPs)
The AgNPs were dispersed in medium using water bath sonicator, till the nanoparticles were dispersed in the solution. AgNPs at 25-250 ppm concentrations was used. The medium was then inoculated with the appropriate volume of the subculture (inoculum), such that the OD value at the zeroth hour was 0.1. For quantifying extracellular folate, released by the bacterial cells into the growth medium, 1ml of culture was collected every 3 hours and the filtered supernatant was used for HPLC (38) . Modeling gut bacterial folate metabolism in CRC AgNPs are known to mediate their direct cytotoxic effects through increased generation of reactive species inside the target cells. Besides, the AgNP-generated oxidative stress can also affect the cellular metabolism and certain pathways of interest (in this case, the anti-cancer metabolites) thereby enhancing indirect cytotoxicity. Figure 2 : Scanning electron microscopy to elucidate the interaction between silver nanoparticles (AgNPs) and bacterial cells. 2(A) represents bacteria alone, whereas, 2(B) shows AgNPs interacting with the bacterial cells Figure 3 : Variation of E.durans growth with different concentrations of AgNPs. Exposure of bacterial cultures to higher concentrations of the nanoparticles results in excessive cell death. This is confirmed by significant decrease in the specific growth rates of bacterial culture with increasing AgNP concentration. The specific growth rate, is a function of cell viability (maximum growth) with respect to time, is also affected negatively at higher concentrations of AgNPs. Figure 4 :Reactive species time profile in the absence and presence of AgNP generated oxidative stress ( indicates control culture; indicates culture treated with 25 ppm AgNP).The hydroxyl radical concentration in the presence of lower concentration of AgNP, showed increase with increase in time of exposure, when compared to the control. The superoxide radical levels, increased during the midlog phase of growth (on exposure to AgNPs), and then dropped, when compared to control. Figure 5 : The intracellular and extracellular folic acid concentrations increased on exposure to AgNPs ( indicates control culture; indicates culture treated with 25 ppm AgNP). This increase could be an outcome of the oxidative stress induced in the organism, which in turn impact folate related metabolic pathways. However, higher concentrations of AgNPs negatively affected folic acid generation by causing cell death. Figure 6 : Folate metabolism and its association with different central metabolic pathways (viz. amino acid, energy and nucleotide metabolism), where the model predictions agreed with experimental evidences in literature. The link between SCFA metabolism and folic acid metabolic pathways is a novel model prediction, and needs to be experimentally validated.
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Figure 7: Effect of different folic acid concentrations on the viability of HCT116 cancer cells. (A)
Lower concentrations of synthetic folic acid exhibited cytotoxic effects on cancer cells. (B) Also, MTT analysis of HCT116 treated with bacterial supernatants from cultures exposed to silver nanoparticles and control. Reduction in viability was observed for cells treated with 9th hour supernatants, the time point corresponding to maximum concentration.
Supporting information:
Supplement Table S1 : Excel sheet containing details of the expanded E.durans model with ROS reactions.
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